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Abstract 
Bone is a hierarchical material that involves fracture mechanisms at multiple scales ranging from nano- to 
macroscale. The fracture behavior of bone is altered by aging, diseases or therapeutic treatments, therefore, robust 
predictive methods are necessary to evaluate the changes affecting the fracture risk of bone. Although cohesive 
modeling has been widely used in various engineering disciplines, it has recently been applied to bone fracture.  In 
this paper, the application of cohesive modeling to the assessment of macro- and microscale  fracture mechanisms in 
bone is presented. The macroscale simulations focus on predicting the fracture risk at the whole bone level whereas 
the microscale simulations evaluate the influence of microstructural features on crack propagation behavior in bone. 
These studies demonstrate the strength of cohesive modeling in providing insight into bone’s fracture behavior.  
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1. Introduction 
Bone is a hierarchical material that exhibits different fracture mechanisms at each length scale [1]. It is 
necessary to gain insight into the underlying fracture mechanisms at each length scale for reliable fracture 
risk assessment. Fracture mechanics has been used in the assessment of bone fracture especially in 
experimental evaluations. The experimental measurements demonstrated the toughening behavior of bone 
with increasing crack length as a result of several mechanisms that occur in the process zone including 
microcracking, crack bridging, and crack deflection. Although the experimental studies provide important 
insight into the fracture behavior of bone, due to the variability between donor bones used in testing, it is 
not possible to isolate the effect of individual factors on bone fracture. Unlike experimental studies, the 
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use of computational approaches enables controlled evaluation of the effects of a single parameter on the 
fracture response of bone. Furthermore, computational modeling supports the development of 
noninvasive patient-specific fracture risk assessment that may provide better prediction of individuals 
under high fracture risk. 
Although cohesive modeling has been widely used in various engineering disciplines, it has recently 
been applied to bone fracture [2-5]. Due to the fracture behavior of bone involving a process zone, 
cohesive models are appropriate for characterizing fracture in bone. Based on the promising results in the 
literature, in this paper cohesive finite element modeling is applied to a macroscale study that evaluates 
the contribution of various internal and external factors to radius bone fracture (Section 2) and a 
microscale study evaluating the influence of microstructural features on crack growth mechanisms and 
energy dissipation (Section 3). 
2. Prediction of whole bone fracture: Colles’ fracture 
Current clinical fracture risk assessment is based on bone mineral density (BMD) measurements by 
dual-energy X-ray absorptiometry (DXA). Following the current clinical standards, the majority of the 
research studies reported in the literature have focused on the effects of BMD on fracture risk using both 
experimental and computational approaches. However, the fracture risk varies among individuals who 
have the same bone mass [6] indicating that other factors in addition to BMD need to be incorporated in 
fracture risk assessment. In this study, the effects of age-related material property changes, bone 
geometry, the load application direction and distribution on fracture load of human radius bone (Fig. 1a) 
were evaluated using cohesive finite element modeling. The results provide insight into the contribution 
of each factor to the fracture load of the human radius bone, therefore, may help identify the important 
factors that need to be incorporated in patient-specific fracture risk assessment. 
2.1. Macroscale finite element models 
Seven idealized three-dimensional human radius bone models were created (Fig. 1b) based on two-
dimensional measurements reported in the literature [7]. The models represented the distal 5-30% of the 
radius where they were fixed in all directions at the most proximal location. Crack planes that represented 
the Colles’ fracture region were inserted in the model (Fig. 1b). The load was applied at the top face of 
the model in eleven different orientations that were experimentally determined [8]. The five load 
distribution ratios between the scaphoid and lunate due to hand position during a fall were also 
incorporated in the models [9, 10]. The age-related changes in the bone properties were incorporated 
through cohesive model parameters based on experimental data [11-13]. The fracture load was 
determined at the increment when the first cohesive element failed (Fig. 1c). The simulations were run to 
evaluate the effect of each parameter to establish a robust fracture risk assessment criteria.  
2.2. Macroscale finite element simulation results 
The simulation results showed that the orientation of the applied load with respect to the longitudinal 
and dorsal axis of the bone had a significant influence on the fracture load with a higher correlation with 
the longitudinal orientation (r2lon = 0.98, r2dor =0.87) (Fig. 2a). Furthermore, the age-related degradation in 
the material properties of the bone resulted in lower fracture load in older bone (Fig. 2a). The load 
distribution between lunate and scaphoid lead to only 30% difference between the lowest and highest 
values (Fig 2b). The bone geometry played a very important role in determining the fracture load 
exhibiting a high correlation (r2 = 0.95 to 0.99) with the fracture load (Fig. 2b). Multiregression analysis 
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showed that combination of load related external effects and internal effects related to bone properties 
provided the best fracture load prediction (r2 = 0.83).  
 
 
 (a)                 (b)                      (c) 
Fig. 1. (a) 2D anatomical sketch of lower human forearm. (b) A sample 3D finite element mesh of  radius bone. (c) Crack 
propagation and damage accumulation at the crack plane in the radius bone where the cohesive elements are located. 
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    (a)                            (b) 
Fig. 2. (a) Variation of fracture load with age and orientation with respect to the longitudinal axis of the bone. All fits are quadratic 
with r2 values between 0.94 and 0.96.  (b) Variation of fracture load with bone geometry and load distribution between lunate and 
scaphoid (r2 = 0.95 to 0.99). Note that the numbers defining each line correspond to the angle between the longitudinal axis and the 
applied load and the load ratio of lunate to scaphoid. 
3. Micromechanics of bone fracture 
Bone strength and fracture toughness have been shown to be influenced by microstructural parameters 
including size and density of osteons as well as intracortical porosity [14]. Microstructural features such 
as osteons and cement lines play an important role in determining the crack growth trajectory in cortical 
bone [13, 15]. Cracks that penetrate osteons may lead to complete failure of the bone. On the other hand, 
cracks that are deflected into cement lines slow down the crack propagation and increase the crack 
resistance of the bone. This study evaluates the influence of the microstructural features on the fracture 
behavior of bone and investigates the basis for the crack deflection and penetration mechanisms observed 
at the cement line interfaces. 
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3.1. Microscale finite element models 
The finite element simulations were performed on models created from two transverse microscopy 
images of human cortical bone obtained from middiaphysis of tibiae of male donors (49, and 70-year-old 
donors) (Fig. 3a, 3b). The images represent an area of 1.17 mm x 0.89 mm. The microscopy images were 
converted to two-dimensional finite element models using a custom developed MATLAB program that 
created cohesive elements between all solid elements and cement lines. Inserting cohesive elements in the 
whole bone area prevents any a priori assumption of crack initiation location or propagation trajectory 
and allows the crack to determine its initiation site and growth path. The solid elements in the interstitial 
and osteonal bone area were assigned orthotropic linear elastic properties based on nanoindentation 
measurements and theoretical calculations [16, 17]. The cohesive parameters for the models were chosen 
based on the experimental data in the literature [11-13]. The models were fixed at the bottom edge and an 
incremental displacement loading was applied at the top edge that created tensile loading. The finite 
element simulations evaluated the crack propagation path quantified by the percent of crack growth in the 
cement line, stress-strain relationship, and strain energy density that corresponded to the nonlinear part of 
the stress-strain curve associated with crack growth. 
Before evaluation of the fracture behaviour of the models, simulations were run to determine the 
required initial slope of the cohesive model to obtain an equivalent compliance for the model compared to 
a solid model.  Furthermore, the mesh dependency of the results was explored to determine a mesh size 
that provided consistent results. Following the verification of the models, simulations were performed 
with (i) equal cohesive properties for osteons, interstitial bone and cement lines and (ii) cohesive 
properties of cement lines reduced to ½ of osteons and interstitial bone. 
 
        
 (a)    (c) Equal                                        (e) ıcl/ıb = ½                               (g) Gcl/Gb = ½ 
 
      
 (b)    (d) Equal                                        (f) ıcl/ıb = ½                               (h) Gcl/Gb = ½ 
Fig. 3. Microscopy images of transverse sections of human cortical bone of  (a) 49-year-old bone (Microstructure 1) (b) 70-year-old 
bone (Microstructure 2). Results of FE simulations for Microstructure 1 and 2 (c, d) with equal cohesive properties for osteons, 
interstitial bone and cement line. (e, f) with cement line cohesive strength reduced to ½ of the strength of osteonal and interstitial 
bone (ıcl/ıb = ½) (g,h) with cement line fracture toughness reduced to ½ of the toughness of osteonal and interstitial bone (Gcl/Gb = 
½). Note that the thin black lines outline the cement lines that are on the boundary of osteons and the thick black lines denote the 
crack propagation path. 
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3.2. Microscale finite element simulation results 
Simulation results showed that when the properties of the interstitial bone, osteons and cement lines 
are the same most of the crack growth was in osteons and interstitial bone with a small amount of crack 
growth in the cement line (Fig. 3c, 3d and Fig. 4a).  A 50% reduction in the cement line strength lead to a 
substantial increase in the crack deflection into the cement line (Fig. 3e, 3f and Fig. 4a). On the other 
hand, 50% lower cement line toughness only resulted in a moderate increase in the cement line deflection 
cases compared to the reduced cement line strength (Fig. 3g, 3h and Fig. 4a). Lower cement line strength 
decreased the maximum stress experienced by the bone (Fig. 4b) while leading to higher nonlinear strain 
energy density due to a more gradual reduction. Reduced cement line toughness did not change the 
maximum stress attained (Fig. 4b), but lowered the nonlinear strain energy density.  These results show 
that the most important mechanism that induces crack deflection into cement line may be the lower 
strength of the cement line. 
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Fig. 4. a) Percent of crack growth in the cement line for reduced cement line strength (ıcl) and fracture toughness (Gcl) relative to the 
cohesive strength (ıb) and fracture toughness (Gb) of surrounding bone for both microstructures. (b) A sample stress-strain behavior 
for equal cement line cohesive parameters and for reduced cement line strength and toughness cases for Microstructure 2. 
4. Discussion and Conclusions 
The current study demonstrated the strength of cohesive modeling in simulating bone fracture at both 
micro- and macroscales. These simulations isolated individual effects of different factors that may 
contribute to bone fracture and provided information that cannot be directly measured by experiments.  
The results of the macroscale study provided additional insight into the contribution of external and 
internal factors and evaluated the interaction of these factors in determining the Colles’ fracture load. The 
simulation results demonstrated that the hand orientation during a fall is as important as the bone 
geometry. The modeling technique that is presented here can be interfaced with new bone imaging 
techniques such as high resolution peripheral tomography to provide robust noninvasive patient-specific 
fracture assessment methods. A finite element-based technique may improve the identification of high 
fracture risk individuals that is currently determined only based on BMD and may aid in the development 
of fracture prevention methods including protective falling techniques.  
The microscale studies evaluated the interaction of the bone microstructure and fracture mechanisms 
to provide further insight into the role of cement lines in crack propagation behavior of cortical bone. The 
results of the simulations showed that the material properties related to the strength of the cement lines 
may be more effective in deflecting microcracks and arresting them before they attain critical lengths 
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compared to its fracture toughness. The new knowledge obtained from the simulation results provide a 
better understanding of microscale fracture mechanisms that contribute to bone fracture risk and the 
development of possible treatment and prevention methods against fracture.  
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